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Reliability of the natural remanent magnetization recorded
in Chinese loess
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[1] Chinese loess‐paleosol sequences undoubtedly have recorded geomagnetic events
(both polarity reversals and excursions). However, the fidelity of the rapid paleomagnetic
field oscillations during a polarity reversal remains uncertain. To test the reliability and
consistency of the natural remanent magnetization records in Chinese loess, 10 subsets of
parallel samples across the Matuyama‐Brunhes (MB) reversal boundary were obtained
from the Luochuan region in the hinterland of the Chinese Loess Plateau. Our
paleomagnetic results show diversified virtual geomagnetic poles (VGPs) during the MB
transition but consistent VGPs outside of the transitional zone. The anisotropy of magnetic
susceptibility and rock magnetism results indicate that the sampled interval is rather
uniform and undisturbed. The discrepancies of the characteristic remanent magnetization
within the MB transition are probably due to the low efficiency in aligning magnetic
grains, mainly pseudo‐single‐domain magnetite, associated with the low field intensity.
Nevertheless, the stratigraphic location of the MB boundary can be confidently defined.
Therefore, we conclude that Chinese loess‐paleosol sequences can record geomagnetic
reversal events, but the morphology within the polarity transition is rather questionable.

Citation: Jin, C., and Q. Liu (2010), Reliability of the natural remanent magnetization recorded in Chinese loess, J. Geophys.
Res., 115, B04103, doi:10.1029/2009JB006703.

1. Introduction

[2] Windblown deposits in northwest China, mainly on
the Chinese Loess Plateau (CLP), with an approximate area
of 440, 000 km2, are one of the most continuous terrestrial
sediments [Liu, 1985]. Loess‐paleosol sequences formed
during glacial and interglacial periods, respectively, can be
dated back to the late Pliocene [Heller and Liu, 1984] or
even to the Miocene [Guo et al., 2002b]. Previous studies
have shown that they are excellent archives of paleoclimate
at different timescales, which can be correlated well with
records of marine sediments and ice cores [Heller and Liu,
1986; Porter and An, 1995; Ding et al., 2002]. In addition,
paleomagnetic signals recorded by Chinese loess have been
extensively studied [Heller and Liu, 1982; Heller and
Evans, 1995; Evans and Heller, 2001], including both
main geomagnetic reversals, such as the Gsuss‐Matuyama
reversal [Zhu et al., 2000a] and Matuyama‐Brunhes (MB)
reversal [Sun et al., 1993; Zhu et al., 1993, 1994a; Guo et
al., 2001; Spassov et al., 2001], and some polarity sub-
chrons, such as the Upper Jaramillo boundary [Guo et al.,
2002a] and Upper Olduvai boundary [Yang et al., 2008], and
short geomagnetic events and excursions [Zhu et al., 1994b,
1999, 2006, 2007; Zheng et al., 1995; Fang et al., 1997; Pan
et al., 2002; Yang et al., 2004].

[3] The paleomagnetic results provide not only the first
chronology framework for the long loess‐paleosol sequences,
but also strong constraints for the geodynamic processes
occurring in the Earth’s interior. Among these records, the
MB reversal has been well studied [Zhu et al., 1993, 1994a;
Sun et al., 1993; Guo et al., 2001; Spassov et al., 2001], but
there remain some inconsistencies in the MB reversal records
from different sites in terms of stratigraphic location, dura-
tion, and morphology of the transition field.
[4] First, the stratigraphic location of the MB boundary

(MBB) remains uncertainty. Most studies have shown that
the MBB is located in the lower part of loess unit L8
(corresponding to a glacial period [Liu, 1985]), for example,
in Weinan [Zhu et al., 1994a; Pan et al., 2002], Lantian
[Zheng et al., 1992] (in the Xi’an area), Lingtai [Ding et al.,
1998; Spassov et al., 2001], Pingliang [Sun et al., 1998],
Baoji [Rutter et al., 1991; Spassov et al., 2001; Yang et al.,
2004], Jingbian [Ding et al., 1999; Guo et al., 2002a], and
Xifeng [Liu et al., 1987; Sun et al., 1993; Zhu et al., 1993],
with exceptions in Luochuan [Heller and Liu, 1982] and
Sanmenxia [Wang et al., 2005], where the MBB was located
in paleosol unit S8 (corresponding to an interglacial period
[Liu, 1985]). In marine sediments, the MBB was mostly
located in MIS19, corresponding to an interglacial period
[Tauxe et al., 1996]. Therefore, Zhou and Shackleton [1999]
proposed a large lock‐in model (2–3 m in lock‐in depth or
20–30 ka in lock‐in time) for the paleomagnetic signals
recorded by Chinese loess.
[5] Second, the depth of the MBB differs at different sites,

ranging from tens to more than 200 cm, for example, 30 cm
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in Duanjipo [Guo et al., 2001], 36 cm in Xifeng [Zhu et al.,
1993], 40 cm in Lingtai [Spassov et al., 2001], 50 cm in
Sanmenxia [Wang et al., 2006] and Weinan [Zhu et al.,
1994a], 78 cm in Baoji [Yang et al., 2007], and 223.2 cm
in Xifeng [Sun et al., 1993].
[6] Third, the morphology of the transitional field within

the MBB also exhibits inconsistent features. For example,
the number of rapidly directional oscillations during the MB
transition differs from site to site, for example, 5 in Xifeng
[Zhu et al., 1993], Weinan [Zhu et al., 1994a], and Duan-
jiapo [Guo et al., 2001] (in the Xi’an area), 7 in Lingtai
[Spassov et al., 2001], 9 in Sanmenxia [Wang et al., 2006],
and 15 in Baoji [Yang et al., 2007]. In addition, the virtual
geomagnetic pole (VGP) paths are also inconsistent among
different records. In Xifeng the VGP paths during the MB
transition prefer to follow longitude bands comprising
America, the Atlantic Ocean, or Africa [Sun et al., 1993].
Field behaviors during the transition period suggest that
nondipole components were dominant, while the dipole
field was weak [Sun et al., 1993]. But records from another
site in the Xifeng area show distinct features, with VGP
positions during the MB transition being predominantly
distributed around northern or southern poles and having
intermediate positions when moving from one pole to
another [Zhu et al., 1993]. This phenomenon suggests that
dipole field components were at least comparable in mag-
nitude to nondipole ones during the MBB [Zhu et al., 1993].
In Weinan VGP paths during the MB transition move along
two longitudinal sectors situated over eastern Asia and
Australia [Zhu et al., 1994a]. In Duanjiapo section the VGP
path is confined over Africa [Guo et al., 2001].

[7] These inconsistencies have been attributed to lock‐in
effects of remanence acquisition associated with pedogen-
esis [Zhou and Shackleton, 1999; Spassov et al., 2003],
regional and/or local climate variability across the CLP
[Wang et al., 2006], an inaccurate paleoclimatic boundary
between L8 and S8 [Liu et al., 2008], pedogenic effects on
VGP paths [Guo et al., 2001], and so on. Because it is hard
to simulate the natural depositional process and remanence
acquisition process of eolian dust in the laboratory, there is
still some lack of knowledge about the complexity of natural
remanence acquisition of Chinese loess‐paleosol. This
complexity raises suspicion whether the rapid changes in the
geomagnetic field during the MB reversal are faithfully
preserved in Chinese loess‐paleosol sequences [Zhou and
Shackleton, 1999; Guo et al., 2001; Spassov et al., 2003].
[8] Most MBB results from Chinese loess were obtained

from only one or two sets of samples and sometimes a rapid
reversal interval is represented by only one specimen. To
reduce the uncertainties in the records, in this study we
investigate large numbers of parallel subspecimens of the
MBB from the Luochuan section. We aim to test the reli-
ability and consistency of paleomagnetic records during the
MBB recorded in Chinese loess.

2. Sampling and Measurements

[9] The Luochuan section (35.7°N, 109.4°E), located in
the hinterland of the CLP (Figure 1), northwest of China,
involves 33 loess‐paleosols about 120 m thick underlain by
red clay more than 10 m thick. Samples were collected from
loess unit L8 and the upper part of paleosol unit S8, which

Figure 1. Location of the Chinese Loess Plateau. The star indicates the sampling site. Circles indicate
other sections mentioned in the text.
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have an indistinct stratigraphic boundary between them. The
total sampling thickness is about 200 cm (Figure 2).
[10] After removal of surface weathered material covering

the outcrop, vertical faces were carved, along which block
samples with a base of about 12 × 12 cm2 and 30 cm in
vertical height were continuously collected (Figure 3). All
samples were oriented in situ using a magnetic compass,
with the direction of north marked on the top surface.
[11] In the laboratory each block sample was divided

vertically into two parts, A and B, with a 1.25‐cm offset
(Figure 3). Then parts A and B were cut into 2.5‐cm‐thick
slices along the horizontal plane and oriented cube speci-
mens of 2 × 2 × 2 cm3 were taken from each slice [Zhu et
al., 1993]. We got seven parallel subsets from both part A
(called sets A1–A7) and part B (sets B1–B7). A total of
672 oriented specimens were used for measurements. Sets
A6 and B6 were used for low‐field magnetic susceptibility
(c, mass‐specific) measurements and determination of rel-
ative paleointensity (RPI). Ten sets of samples (sets A1–A5
and B1–B5) were used to obtain paleomagnetic field
directions using thermal demagnetization. Set A7 was used
for anhysteretic remanent magnetization (ARM) and iso-
thermal remanent magnetization (IRM).
[12] The c value was measured using a Bartington MS2

susceptibility meter. Temperature‐dependent susceptibility
(c‐T) curves were measured with a KLY‐3s Kappabridge
equipped with a CS‐3 high‐temperature furnace going from
room temperature up to 700°C in an argon atmosphere
to avoid magnetic mineral alteration upon heating. The
anisotropy of magnetic susceptibility (AMS) was also
measured with the KLY‐3s Kappabridge.

[13] Hysteresis loops, IRM acquisition curves, back‐field
demagnetization curves, and temperature‐dependent satu-
ration magnetization (Ms‐T curves) were measured for rep-
resentative samples using a variable field translation balance

Figure 2. (a) Lithostratigraphy and (b) mass‐specific low field magnetic susceptibility (from bulk
samples) of the sampled Luochuan section spanning S7 to L9. S7 and S8 (L8 and L9) correspond to
paleosol (loess). (c) Part of Figure 2a for block samples. (d) Low field mass‐normalized magnetic suscep-
tibility from oriented block specimens.

Figure 3. Schematic of sample processing. The block
sample was vertically divided into two parts first. Then
we sawed off the top 1.25 cm of part B. Parts A and B (with-
out the top 1.25 cm) were sawn into slices 2.5 cm thick and,
finally, oriented specimens of approximately 2 × 2 × 2 cm3.
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system. Samples for Ms‐T curves were heated in an applied
field of 1 T in air. The temperature sweeping rate was 40°C
per minute. Hysteretic parameters, such as coercivity (Bc),
saturation magnetization (Ms), and saturation remanence
(Mrs) were obtained after subtraction of the paramagnetic
contribution.
[14] ARM was imparted using an alternating field (AF)

with a peak of 100 mT superimposed on a 0.05 mT DC‐
biased field using a Model 615 anhysteretic remanent
magnetizer. Saturation IRM (SIRM) was acquired in a DC
field using a 2G660 pulse magnetizer with 1.5 and 300 mT
back fields for calculating the S ratio (defined as −IRM−0.3T/
SIRM) and hard IRM (defined as 0.5 × (SIRM +
IRM−0.3T)).
[15] Progressive thermal demagnetization was performed

on 432 specimens from room temperature up to 680°C in
steps of 10o–50oC using a Magnetic Measurements Thermal
Demagnetizer (MMTD80) with a residual magnetic field
of <10 nT. All remanences were measured using a 2G
Enterprises model 760 cryogenic magnetometer installed
in a magnetically shielded room (<300 nT).

3. Rock Magnetic Results

3.1. Thermomagnetic Analyses

[16] The c‐T curve is highly sensitive to changes in
magnetic minerals during thermal treatments. Therefore, it
has been widely used as a routine rock magnetic tool to
identify magnetic mineralogy and possible mineral trans-
formation upon heating. The c‐T curves for representative
samples (Figures 4a–4d) exhibit a major decrease in sus-
ceptibility at about 585°C, displaying the Curie point of
magnetite. At lower temperatures (<280°C) the suscepti-
bility increases slowly owing to the unblocking of single‐
domain phases [Liu et al., 2005b; Deng et al., 2005, 2006;
Deng, 2008]. Above 280°C the susceptibility decreases
steadily, which is generally interpreted as the conversion of
metastable maghemite to weakly magnetic hematite [Liu et
al., 2005b;Deng et al., 2000, 2004, 2005, 2006;Deng, 2008].
[17] Another notable feature of the c‐T curves is that they

are nearly irreversible after about 570–590°C when cooling.
The susceptibility after cooling is several times higher than
the initial value of samples at room temperature, which is
generally attributed to the neoformation of magnetite grains
from iron‐containing silicates/clays or due to the formation
of magnetite by reduction owing to the burning of organic
matter [Liu et al., 2005b; Deng, 2008].
[18] TheMs‐T curve is generally preferred for determining

the Curie temperature of natural samples. It is irreversible
for Ms‐T curves during heating and cooling, with identifi-
able signals of paramagnetic contributions at high temper-
ature (Figures 4e–4h). The decrease in Ms at about 580°C
upon heating further suggests the Curie point of magnetite,
indicating the presence of magnetite. The slight kick
between about 300 and 500°C is generally identified as the
existence of metastable maghemite, which could transform
easily to hematite in this temperature interval [Liu et al., 2003].

3.2. Isothermal Remanent Magnetization Acquisition
and DC‐Field Demagnetization Curves

[19] IRM acquisition and back‐field demagnetization of
SIRM were carried out on the selected five samples to

identify magnetic minerals further. They show shape simi-
larity of the acquisition curves (Figure 5a), which rise
steeply in the initial stages and reach 80% of the SIRM (here
imparted by 1 T) before 300 mT. The IRM continues to
climb slowly after 300 mT and does not reach full saturation
until 1 T. These characteristics indicate that soft magnetic
components of low coercivity (e.g., magnetite and maghe-
mite) dominate the IRM, with the coexistence of a hard
magnetic portion (e.g., hematite, probably goethite) for both
L8 and S8. SIRM is higher for S8 than for L8 (Figure 5a).
[20] The stepwise demagnetization of SIRM using a DC

back field shows a lower coercivity of remanence (Bcr) for
S8 (27.1 and 25.4 mT for two selected samples) than for L8
(43.2, 31.7, and 31.8 mT for the other three selected samples)
(Figure 5b).

3.3. Hysteresis Properties

[21] Hysteresis loops after subtracting the paramagnetic
contribution for the representative samples from L8 and S8
display a weakly wasp‐waisted shape representing a mixed
nature of magnetic minerals with low and high coercivity
(Figure 6). They are closed at about 310, 300, 280, and
250 mT (Figures 6a–6d, respectively), indicating a decrease
in the magnetically hard component depending on the
enhancement of pedogenesis. Meanwhile, Bc (from 11.7 to
7.5 mT) and Bcr (from 43.2 to 25.4 mT) decrease depending
on the enhancement of pedogenesis, contrary to the increase
in Ms and Mrs (see Figure 6).
[22] Hysteresis parameter ratios (Mrs/Ms, Bcr/Bc) were

plotted on a Day plot [Day et al., 1977; Dunlop, 2002] to
determine the domain state of magnetic minerals in samples
(Figure 6e). All plots are constrained in a pseudo‐single‐
domain (PSD) area and cluster closely. This indicates that
samples from Brunhes, a transitional zone, and Matuyama
are similar in mean magnetic grain size.

3.4. Anisotropy of Magnetic Susceptibility Analysis

[23] In previous loess studies, AMS results, especially the
inclination of the maximum‐susceptibility axis (Kmax‐Inc)
and minimum‐susceptibility axis (Kmin‐Inc), have been
widely used to detect possible disturbance of the original
sediment fabric [e.g., Liu et al., 1988; Zhu et al., 1999; Guo
et al., 2001, 2002a; Liu et al., 2005a; Wang et al., 2005;
Yang et al., 2008]. The Kmax‐Inc, Kmin‐Inc, P, and T of sets
A5 and B5 throughout the sampled interval are shown in
Figures 7c–7f. The susceptibility ellipsoid is oblate shaped
(T < 1; Figure 7f) and Kmax‐Inc is less than 15° (97% < 10°)
(Figure 7c), perpendicular to the vertical plane, whereas
Kmin‐Inc is larger than 72° (Figure 7d), suggesting a primary
sediment fabric without apparent disorder or disturbance.
P (<1.016) is obviously less than 1.032, which has been
suggested as the critical cutoff between redeposited loess
and original loess by Liu et al. [1988], further indicating an
original fabric (Figure 7e).
[24] We further measured the AMS of 10 sets of samples

in the interval of 66.25–150 cm (shown in Figure 8). The
mean declinations of the maximum, intermediate, and
minimum axes are 165°, 255°, and 3°, respectively. The
mean inclinations of the maximum, intermediate, and min-
imum axes are 3°, 1°, and 87°, respectively. Kmax directions
are approximately parallel to the horizontal plane, with an
inclination generally less than 10°, perpendicular to the
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vertical plane, whereas Kmin‐Inc is approximately vertical,
also indicating a primary sediment fabric.

4. Paleomagnetic Results

4.1. Paleomagnetic Directions

[25] The initial natural remanent magnetization (NRM)
directions of samples (D = 344.9°, I = 49.7°, n = 432, a95 =
0.7°) represent normal polarity close to the present geo-

magnetic field value at the sampling site. About 80%–90%
of the initial NRM was demagnetized after thermal treat-
ment at 250–300°C. Low‐temperature NRM components
are viscous remanent magnetization (VSM) [Heller and Liu,
1984; Pan et al., 2001; Guo et al., 2002a]. Characteristic
remanent magnetization (ChRM) was defined between 300
and 500°C. Principal component analysis, calculated by a
least‐squares fitting technique [Kirschvink, 1980] was
carried out on demagnetization data using the PaleoMag

Figure 4. Temperature dependence of (a–d) magnetic susceptibility and (e–h) high‐temperature magne-
tization for representative samples. Samples are (a, b, e, f) from L8 and (c, d, g, h) from S8. Thicker lines
indicate heating runs. −dM/dT (10−3 Am2 kg−1 T−1) indicates the first derivative of Ms‐T curves.
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software (version 3.1d40) developed by Craig H. Jones and
Joya Tetreault, University of Colorado at Boulder. Gener-
ally, we consider mean directions of ChRM with a angle
deviation of <15° to be reliable results.
[26] Orthogonal projections of 20 representative speci-

mens are shown in Figure 9. Samples at 71.25 cm
(Figures 9a–9e, normal), 81.25 cm (Figures 9f–9j, transi-
tional zone), and 115 cm (Figures 9k–9o, transitional zone)
are from L8, and those at 130 cm (Figures 9p–9t, reverse) are
from S8. There are five specimens from the same depth level.
It is clearly shown that the orthogonal vector for the five
specimens outside the transitional zone at 71.25 and 130 cm
are perfectly consistent with each other. Almost all speci-
mens outside the MBB showed stable ChRM. In contrast, no
consistent ChRM was obtained within the transitional zone.
For instance, five specimens at 81.25 cm show different re-
sults: two show normal polarity (Figures 9f and 9g), two
show reverse polarity (Figures 9h and 9i), and one shows
scattered directions after 300°C where stable ChRM cannot
be gained (Figure 9j). This is more complex for specimens at
115 cm. Two specimens represent reverse polarity (Figures 9l
and 9n), and one shows normal polarity (Figure 9o). Two
specimens carry unstable ChRM (Figures 9k and 9m).
Within the transitional zone, only 123 (68%) specimens
gave stable ChRM.
[27] VGP latitudes (VGP Lat) were calculated after eval-

uation of ChRM vector directions. Paleomagnetic results for
set A5, associated with set B5, are shown in Figures 7i–7l.
There is an obvious paleomagnetic polarity transition from
Matuyama reverse polarity to Brunhes normal polarity, with
a transitional zone of 27.5 cm over 90–117.5 cm, rather than
a single reversal. Several rapid changes in paleomagnetic
direction occur during transition, resembling results of pre-
vious studies [e.g., Sun et al., 1993; Zhu et al., 1993, 1994a;
Guo et al., 2001; Spassov et al., 2001; Wang et al., 2006;
Yang et al., 2007].
[28] To test the reliability of the rapid directional changes

during the MBB in L8, thermal demagnetization was carried
out on parallel samples in the interval 66.25–150 cm.
Paleomagnetic results for sets A1–A4 and B1–B4, along with
sets A5 and B5 at 66.25–150 cm, are shown in Figure 10.
The transitional zone of the MBB extends to 47.5 cm

between 73.75 and 121.25 cm. Fisher [1953] statistics were
applied to parallel samples with stable ChRM to calculate
the mean values over the depth intervals 6.25–73.75 cm (D =
355.0°, I = 45.8°, n = 35, a95 = 5.2°), 73.75–121.25 cm (D =
348.1°, I = 48.4°, n = 123, a95 = 10.4°), and 121.25–150 cm
(D = 180.2°, I = −45.4°, n = 118, a95 = 1.6°). Statistical
results show that samples within the transitional zone have
more scattered ChRM than those outside the transitional
zone. Additionally, it is hard to obtain statistical data from
the five parallel specimens within the MBB in the same slice
(Figures 10r, 10u, 10x, 10aa, and 10ad and Figures 10c, 10f,
10i, 10l, and 10o), partly because of the lack of stable
ChRM for all five specimens and partly because of the
dispersion of VGP paths for the samples with stable ChRM
at the same level (VGP Lat in Figure 10). So statistical
analysis [Fisher, 1953] was performed on 10 subsets of
parallel samples with depth resolution at 2.5 cm intervals to
define the dispersion of ChRM indicated by error bars
(expressed as a95) (Figures 10ae–ag). Clearly, error bars
within the MBB are much larger than those outside the
MBB. There is also diversity between adjacent sets with a
1.25 cm difference in vertical depth, such as sets A1 and B1,
sets A2 and B2, sets A3 and B3, sets A4 and B4, and sets
A5 and B5.

4.2. Relative Paleointensity

[29] The RPI of sediments is significant in discussing
paleomagnetic field evolution and is also used as an inde-
pendent timescale [e.g., Guyodo and Valet, 1999; Valet et
al., 2005]. It is often constructed by normalization of
NRM to some rock magnetic parameters, generally c,
ARM, and SIRM, to eliminate the contributions of non-
magnetic effects, especially concentration of magnetic
grains in samples [Levia and Banerjee, 1976; Tauxe, 1993;
Valet, 2003]. A pseudo‐Thellier method was also used for
construction of the RPI, which has advantages for estimat-
ing uncertainties [Tauxe et al., 1995]. A large number of
RPI records were gained from marine and lacustrine sedi-
ments as well as Chinese loess.
[30] Rock magnetism results indicate that magnetite is the

dominant magnetic carrier of remanence in this study
(shown in Figures 4–6). The S ratio is nearly constant, with

Figure 5. (a) Isothermal remanent magnetization (IRM) acquisition curves and (b) back‐field demagne-
tization of saturation IRM for representative samples.
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an average value of 0.87, also suggesting that magnetite is
dominant in sampled sections (Figure 7g). The Day plot
(Figure 6e) suggests that the magnetic grain size is approxi-
mately uniform, with constraint within the PSD range.
Sampled sections are characterized by uniformity of mag-
netic grain size and ChRM carriers and low variation in the
concentration of magnetic mineralogy, which are required
for reliable RPI estimates [Tauxe, 1993]. It is feasible to
construct the RPI with our samples.
[31] Here we followed the methods of Pan et al. [2001]

with some modifications to construct the RPI around the
MB reversal. Sets A6 and B6 (total of 160 specimens) were
used for RPI in the following procedure. First, c was
measured. Second, samples were treated with 300°C thermal
demagnetization followed by AF demagnetization with a
peak of 100 mT (AF, 100 mT). Then ARM was imparted
with an AF of 100 mT superimposed on a 0.05 mT DC field.

ARM was treated with 300°C thermal demagnetization and
then another AF of 100 mT demagnetization. Third, c was
measured again to observe mineralogy changes. SIRM was
imparted with a 1.5 T DC field and then another 300°C
thermal demagnetization. Finally, we measured c for the
third time. We refer to NRM, ARM, and SIRM after 300°C
thermal demagnetization as NRM300, ARM300, and
SIRM300. In fact, c values before NRM and after NRM300
and ARM 300 were approximately consistent, indicating
that mineralogy conversion during thermal treatments was
too weak to affect RPI. The pseudo‐Thellier method is not
suitable here because the reverse ChRM of selected tentative
samples with reverse polarity proved by thermal demagne-
tization cannot be isolated by AF demagnetization, even
with a peak AF of 150 mT (results not shown here). This
behavior indicates that the viscous NRM components of
samples may be carried not only by ferromagnetic minerals

Figure 6. (a–d) Magnetic hysteresis loops (after correction of paramagnetic contribution) for selected
samples. (e) Hysteresis ratios plotted on a Day plot [Day et al., 1977; Dunlop, 2002].
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but also by high‐coercivity ones [Heller et al., 1987] that
cannot be eliminated by AF demagnetization. In addition,
this behavior may be attributed to low‐temperature oxida-
tion, which can significantly increase the coercivity of
coarser‐grained partially oxidized magnetites [Liu et al.,
2004, 2005a].
[32] The ratios NRM300/SIRM300, NRM300/ARM300,

and NRM300/c were normalized by the peak value of each
sequence. The first‐order feature shown in Figure 11 is that
the trends of the three curves are in agreement. Overall, the
RPI begins with a slight increase from the bottom of the
stratigraph to 195 cm, then decreases with a weak trend to
about 90–110 cm, with two small peaks at about 140 and
190 cm (Figure 11a). The RPI increases rapidly at 90 cm
and reaches a peak at about 35 cm. The low RPI values
correlate with rapid directional changes in the MB reversal
(Figures 7i–7l and 11). The RPI decays earlier than the
directional changes and requires more time to recover,
which is consistent with previous studies [Zhu et al., 1994a].
Changes in RPI are characterized asymmetrically, with a
pretransitional field strength significantly weaker than the
posttransitional field strength, which recovers more rapidly
than the decay.
[33] In addition, samples in or out of the transitional zone

maintain the same AMS characteristics (Figures 7c–7f),
indicating that the paleomagnetic direction abnormality at
73.75–121.25 cm (Figure 10) and the low RPI during
reversal (Figure 11) were not caused by sedimentary dis-
turbances (e.g., bioturbation and slumping) or mistakes in
field sampling or in the laboratory.

5. Discussion

[34] Previous studies on various media (lava flows, marine
and lacustrine sediments) have demonstrated that the MBB
is characterized by some rapidly oscillating features, which

may partly represent the evolution of geomagnetic dynamics
[e.g., Valet et al., 1988; Tauxe et al., 1992; Oda et al., 2000;
Yamazaki and Oda, 2001; Channell et al., 2004; Coe et al.,
2004; Hyodo et al., 2006]. Although directional oscillations
of the paleomagnetic field during the MBB in Chinese loess
were undoubtedly recorded and the MBB has been used to
construct the first‐order loess chronological framework, the
morphology of the transitional field within the MBB differs
greatly from site to site [e.g., Yue et al., 1990;Ma et al., 1991;
Sun et al., 1993; Zhu et al., 1993, 1994a; Guo et al., 2001;
Spassov et al., 2001; Wang et al., 2006; Yang et al., 2007].
Correlation between sections cannot be employed as a com-
mon criterion to test the reliability of paleomagnetic record-
ing because windblown sediments may not be continuous
over a short timescale (e.g., millennial scale) [Zhu et al.,
2007; Deng, 2008]. A more feasible approach is to test the
reproducibility of the NRM records within a limited horizon
level by using large numbers of parallel specimens.
[35] Our results clearly show that the ChRM for parallel

samples within the MBB is rather scattered, partly due to the
failure to obtain stable ChRM. ChRMs of 10 sets of samples
are not consistent with one another (shown by shading in
Figure 10). For instance, almost one third of specimens
within the transition did not record stable ChRM. In this
case, it is hard to treat the high‐frequency features faithfully
as a reliable record. Therefore, some of the high‐resolution
paleomagnetic records from the CLP [e.g., Guo et al., 2001;
Yang et al., 2007, 2008] would have been more convincing
if parallel specimens had been examined, especially for
those paleodirectional anomalies defined by only one sample.
The distinct discrepancies in the number of rapid directional
changes during the MB reversal in other loess sections are
indirect evidence supporting our suspicion of the capability
of loess to record millennium‐ or century‐scale rapid
changes in paleomagnetic field within the reversal. In fact,
such a pattern has also been observed in other regions, for
example, in the Tecopa basin, southeastern California, USA,
where four sampling sites distributed over a small area
revealed diverse transitional processes, and none of these
records provided an acceptable record of the MB transition
[Hillhouse and Cox, 1976; Valet et al., 1988; Larson and
Patterson, 1993].
[36] However, AMS and rock magnetic results both

indicate that the whole sequence is rather uniform and
undisturbed. Therefore, the diversified records within the
MBB are not due to the depositional or postdepositional
environment. One plausible mechanism is due to the low
efficiency in aligning magnetic grains associated with the
low field intensity during theMB reversal. It is well accepted
that polarity reversals always correspond to a low field
intensity [e.g., Valet and Meynadier, 1993;Meynadier et al.,
1994; Guyodo and Valet, 1999; Valet et al., 2005, and
references therein], as does the MB reversal, revealed world-
wide by lava lows [Brown et al., 2009], marine and lacustrine
sediments [e.g., Hillhouse and Cox, 1976; Valet et al., 1988,
1989, 1994; Channell et al., 2004; Clement and Kent, 1991;
Schneider et al., 1992; Oda et al., 2000; Yamazaki and Oda,
2001;Hyodo et al., 2006], andChinese loess [Sun et al., 1993;
Zhu et al., 1993, 1994a]. The directional abnormality is
indeed correlated with a low field intensity [Lund et al.,
2005], and field directions during a period of low field
intensity may be unfaithfully preserved in sediments [Coe

Figure 8. AMS principal directions in an equal‐area
stereographic projection for 10 sets of samples in the inter-
val 66.25–150 cm. Total number of samples was 340.
Squares, triangles, and circles represent Kmax, Kint, and Kmin,
respectively.
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Figure 10. Magnetic stratigraphy of L8 and S8 in the interval 66.25–150 cm. Sets A1–A5 and sets B1–
B5 represent parallel specimens. Set B1 is 1.25 cm lower than set A1 along the vertical direction, and sets
B2–B5 are 1.25 cm lower than sets A2–A5. Dec, Inc, and VGP Lat are shown in the left, middle, and
right columns, respectively. Directional abnormality is shaded. Figures 10ae, 10af, and 10ag are mean
ChRMs. Error bars (a95) indicate the dispersion of ChRMs.
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and Liddicoat, 1994]. At a critical value that is unknown at
present, the magnetic field was not powerful enough
to efficiently realign the detrital magnetite, resulting in a
disorderly and unsystematic distribution of paleomagnetic
directions. This model can easily interpret why a large
number of samples within the transitional zone did not show
stable ChRM. Coe and Liddicoat [1994] reexamined the
Mono Lake excursion recorded in the Mono Lake area and
found that magnetic records during low field intensity may
be overprinted by the following stronger field. If this case is
applicable to our study, directions during the transitional
zone would be more consistent with one another to some
extent. However, in Chinese loess, magnetic grains may be
cemented in a short period after dust deposition owing to
diagenesis. But we must note that pedogenesis after dust

accumulation may produce chemical remanent magnetiza-
tion and lead to partial overprinting of the primary remanent
magnetization [Spassov et al., 2003; Zhu et al., 2006]. In this
study, pedological evidence demonstrates that pedogenesis
increases from L8 to S8. ChRMs are scattered for parallel
samples around the transitional zone of L8 and S8, with an
interval of 73.75–121.25 cm, but are consistent for parallel
samples at the depth interval of 121.25–150 cm in the upper
part of S8. This indicates that pedogenesis is irrelevant to the
magnetic discrepancies in the MBB.
[37] The other cause for the discrepancies may be linked

to the low sediment rate of Chinese loess. Lund et al. [2005]
correlated four deep‐sea sediment records of the Laschamp
excursion and documented that smoothing of the NRM
would be remarkable to distort recording of paleomagnetic
signals under a low sediment rate (<20 cm/ka). In Chinese
loess the dust sediment rate is often <20 cm/ka [Zhu et al.,
2006]. Zhu et al. [2006] also pointed out that, because of the
too low sediment rate, the morphological characteristics
recorded in the Laschamp excursion in the Luochuan sec-
tion, Weinan section [Zhu et al., 1999], and Lingtai section
[Zhu et al., 2000b] disagree with one another but show a
consistent location in stratigraphy and a low‐intensity
model. Detailed geomagentic signals may have been
smeared by the smoothing‐in process, so that only the
position of the excursion was left [Zhu et al., 2006]. It is
obvious that the low sediment rate is a possible cause for
the poor paleomagnetic records of Chinese loess during an
excursion or a reversal, especially when the true paleo-
magnetic directions change rapidly. On the contrary, the
absence of geomagnetic excursions has been used to indi-
cate the discontinuity of loess deposits at the millennial
timescale [Zhu et al., 2007; Deng, 2008].
[38] Unlike the transitional field, paleomagnetic directions

outside the MBB were well defined, mostly because the
field intensity is high enough to align the magnetic particles
sufficiently to record consistent signals. Therefore, although
it is difficult to obtain reliable transitional signals, the MBB
event and its stratigraphic location can still be confidently
defined. The stratigraphic location of the MBB is located at
the transitional zone between S8 and L8 in the Luochuan
section. This is consistent with the recent study by Liu et al.
[2008] that recorded the MBB at the top of S8 and reported
that there is no substantial displacement of the MBB in
Chinese loess. Consequently, we also exclude the large
lock‐in model suggested by Zhou and Shackleton [1999],
Heslop et al. [2000], and Spassov et al. [2003]. On the basis
of our results, the MBB transitional zone in the Luochuan
section is 47.5 cm. If only one or two sets had been used to
establish the transitional process, a transitional zone with a
thickness in the range of 2.5 to 47.5 cm might have been
obtained (shown in Figure 10). Therefore, studies using only
one set of samples will surely result in large discrepancies in
MBB location.

6. Conclusion

[39] Detailed rock magnetism and paleomagnetism were
carried out on samples from L8 and S8 in the Luochuan
section, located in the hinterland of the CLP. ChRMs were
mainly carried by detrital PSD magnetite of eolian origin.
AMS results presented an oblate susceptibility ellipsoid and

Figure 11. Normalized (a) NRM300/SIRM300, (b) NRM300/
ARM300, and (c) NRM300/c, dependent on depth from 230
to 30 cm. The bold lines represent a three‐point running
average. NRM300, ARM300, and SIRM300 are residues
of NRM, ARM, and SIRM after 300°C thermal treatment,
respectively. The shallow RPI corresponds to the transitional
interval of paleomagnetic directions. ARM, anhysterestic
remanent magnetization; SIRM, saturation IRM.
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revealed undisturbed sediment fabric. Paleomagnetism
results for large numbers of subsets of samples show a
distinct polarity transitional zone with an interval of 47.5 cm
corresponding to low RPI, located in the boundary between
L8 and S8. ChRM directions show distinct discrepancies
within the MB transitional zone but consistent results out-
side the transition. We interpret this as low‐efficiency
alignment of magnetic grains due to the low field intensity
during reversal, although the critical value is unknown at
present. A low loess sediment rate and limited loess conti-
nuity may also reduce faithful recording of the paleomag-
netic field. We conclude that the Chinese loess‐paleosol
sequence can record the exact stratigraphic location of
geomagnetic reversal, but the detailed morphology for the
transitional field within the reversal is less defined. In
addition, a large number of parallel samples should be the
standard for further loess studies, to obtain consistent
paleomagnetic signals.
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